A specialized apparatus designed for visual measurements of solid-liquid equilibrium (SLE) and solid-liquid-vapor equilibrium (SLVE) was constructed and used to measure liquidus deteriorated slightly at pressures around 5 MPa, they were still as good as, or better, than the empirical correlations available for this system. Furthermore, the SLVE-tuned PRA EOS was more accurate at describing literature VLE data for this binary than the default PRA EOS, reducing the r.m.s. deviation in bubble temperature predictions from (6.7 to 0.67) K.
Introduction
To help mitigate the climatic effects of anthropogenic CO 2 emissions it is desirable to develop and utilise various energy sources to replace coal or oil. 1 Natural gas represents a key transition fuel that can help meet this objective because it is found in abundance and, when combusted, produces about half the CO 2 emissions of coal as well as greatly reduced particulate emissions. 2 Accordingly, natural gas production, processing and utilization are topics that have been considered extensively [3] [4] [5] [6] [7] [8] [9] , including in many studies by Marsh and coworkers. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Liquefied natural gas (LNG) is essential to the intercontinental trade of natural gas because the liquid phase has an economically viable energy density. However, the production of LNG is technically demanding, as it requires the exploitation and detailed understanding of phase equilibrium in multi-component mixtures at high pressure and low temperatures. [24] [25] [26] Avoiding the conditions of solid-liquid equilibrium is particularly important for the multicomponent hydrocarbon mixtures found in the main cryogenic heat exchanger of an LNG plant. Compounds heavier than pentane (C 6+ ), which are normally present only at trace concentrations in the methane-dominant liquid mixture, can potentially freeze-out and block the narrow tubing networks within the heat exchanger if process upsets occur and/or the composition of the feed natural gas changes more than expected. Unfortunately, unplanned plant shutdowns caused by such blockages continue to occur throughout the global LNG industry, leading to the loss of LNG production and ultimately a loss of revenue. [27] [28] [29] [30] [31] Central to the identification and prediction of the C 6+ concentration limits above which solids will form are thermodynamic models anchored to reliable and relevant SLE data, which are sparse. 32 Models capable of quantitatively describing the stochastic nature of nucleation in such systems would further enhance the ability of engineers to predict the risk of cryogenic solids formation. Unfortunately the models currently implemented in process simulators used across industry [33] [34] [35] are not able to match experimental SLE data reliably for even simple systems. To improve the thermodynamic models implemented in existing software tools and to develop and validate new models for stochastic nucleation, accurate and relevant measurements of solids formation and melting are required.
There are many different techniques used to measure solid-liquid phase equilibria, 36 which are often referred to by various different names. 37 In Table 1 the most commonly used experimental methods for solid-liquid phase equilibrium determination are summarised. The 3 methods are briefly described together with their advantages and challenges. We categorised the methods into two main groups: synthetic and analytic. The former represents the methodologies where synthetic mixtures, with known compositions, are loaded in an equilibrium cell and the system's pressure and temperature conditions are changed until the mixture undergoes a phase change. The latter signifies the methods where samples are acquired from one or more phases and their compositions are analysed.
For the measurement of SLE in mixtures representative of LNG systems, the amount of the solid phase likely to form is small, which presents a significant signal-to-noise consideration for any method. Additionally, at low temperatures and high pressures, many systems relevant to the description of LNG mixtures can exhibit a variety of phase equilibria such as vaporliquid-liquid equilibrium or liquid-liquid equilibrium; the occurrence of such phase transitions need to be explicitly identified to ensure they do not cause ambiguity regarding the detection of a solid phase. As indicated by the literature overview presented in Table 1 , we are unaware of any publications describing the use of a Peltier-driven cold spot in binary mixture SLE measurements, although cold-finger techniques are used for wax appearance temperature studies in multi-component hydrocarbon liquid mixtures. The visual synthetic method allows for the exact type of phase equilibria occurring to be identified and, by controlling exactly where the solid phase forms, has the potential for an extremely high signal-to-noise ratio (SNR). In addition, visually observing the freezing and melting processes of mixtures can provide insight into their nucleation behaviour as well as the growth and morphology of the subsequent crystals. It is also relatively straightforward to include a sampling and analytical capability into a visual equilibrium cell containing a synthetic mixture to make the measurement semi-analytic (i.e. capable of determining one or more phase compositions) if required.
Here, we report the development of synthetic visual apparatus for solid-liquid equilibrium (SLE) measurements, which utilizes a Peltier element to control the temperature of a copper post immersed in the liquid mixture to induce solid formation on the tip of the post. The experimental setup, hereafter referred to as the Visual SLE (VSLE) cell, has been developed to be used ultimately in a program to measure solids formation and melting in cryogenic, high pressure mixtures relevant to LNG production. In this first stage of the research program, we demonstrate the apparatus at temperatures near ambient with mixtures of cyclohexane + octadecane at pressures to 5 MPa. Some data are present in the literature for this system, 4 which enable the technique to be tested. These data allowed the dependence of SLE on pressure to be investigated for these binaries, and enabled the optimisation of thermodynamic models used to predict liquidus (melting) temperatures. The VSLE cell was also used to study the relationship between subcooling and induction time as these potentially could provide some insight into nucleation processes relevant to LNG production. Figure 1 shows the 3D drawing for the high pressure equilibrium sapphire cell with some of its key dimensions, while the VSLE apparatus setup is shown in Figures 2 and 3 . Figure 1 . Schematic of the high pressure equilibrium sapphire cell with several key dimensions. [68] [69] In this work, a safety factor of 4 was applied, setting the maximum allowable working pressure at 31 MPa, although the highest pressure studied here was 5 MPa.
Experimental

Specialized Visual SLE Cell
The sapphire tube was sealed using a custom trapezoidal o-ring made of a Teflon composite containing 25 % glass (supplied by E-Plas), that was compressed between the inner surface of the sapphire tube and a re-entrant boss on the stainless steel flange. The cell sealing system has been tested successfully at temperatures down to 90 K at pressures up to 10 MPa without any leakage detected.
The VSLE cell was equipped with an automated data acquisition (DAQ) system where all the temperature and pressure sensors in this experiment were connected to a digital multimeter DAQ unit (Keysight 34970A) with a relative uncertainty of ±0.03 % of the measured voltage and current. The DAQ unit was monitored and controlled via a LabVIEW computer program.
To ensure the system is homogenous and well-mixed, the sapphire cell was equipped with a stepper motor mixer (Arun Microelectronics D42. In addition, a total of five manual needle valves (Swagelok SS316-3NS4) labelled as V1 to V5 were implemented for system isolation and drainage purposes. 
Materials
The chemicals used in this study are listed in Table 2 , together with their source and purity as specified by the supplier. They were used without further purification, apart from being degassed directly before being loaded into the VSLE cell. 
Melting and Freezing Temperature Measurements
Measurements were carried out in four main stages including (a) mixture preparation and injection (b) evacuation, (c) temperature control, and (d) image recording. To prepare the mixture, the solute (octadecane) was first manually charged to the cell (i.e. by removing its steel top plate). This was because the high molecular weight octadecane (C 18 H 38 ) was solid at ambient temperature and injecting it by use of a syringe pump risked tubing blockages.
Accordingly, for each measurement (apart from those with pure cyclohexane), the desired amount of octadecane (ranging approximately from 1 to 30 g) was accurately weighed using a precision balance (A&D GH-252) with 0.01 mg resolution, and placed in the cell. The cell was re-assembled and evacuated to remove any air before the solvent (de-gassed cyclohexane) was injected using the volume-calibrated syringe pump to achieve the required composition (in the case of measurements with pure octadecane, no cyclohexane was injected). For the low-pressure measurements, approximately (0.5 to 20 mL) of cyclohexane was injected, which raised the level of the liquid-vapor interface to approximately that of the stirrer bar, as shown in Figure 4 (a). Strictly, this meant that the low pressure measurements were actually of solid-liquid-vapor equilibrium (SLVE) rather than SLE because the interface and stirrer ensured there were no significant mass transfer resistances between the three phases. We note that in the past this distinction has not been made in some of the literature describing SLE measurements, possibly because melting temperatures depend weakly on 14 pressure. However, specifying clearly whether melting temperature measurements correspond to SLVE or SLE conditions is particularly important when tuning thermodynamic models intended to predict such phase equilibria.
The pressure of the SLVE measurements was essentially set by the vapor pressure of the liquid mixture, which was much lower than the resolution of the pressure transducer connected to the VSLE cell (full scale 50 MPa). Accordingly, the pressure in the cell during the SLVE measurements was estimated from the measured bulk liquid temperature and known mixture composition using a thermodynamic model as described below. 74 .)
Following solvent injection and initiation of mixing, the bath temperature was reduced to about 0.2 -0.5 K above the estimated melting point, where it was held constant. Once the bulk liquid temperature sensor had stabilised at the bath set point (where it remained constant throughout the measurement), the copper post temperature was reduced automatically with the Peltier element. A scan rate of 0.01 K·min -1 was used to freeze-out the solid on the tip of copper element as it cooled slightly relative to the bulk. Following the freeze-out, the temperature at the tip of the copper element (captured by TT01 sensor) was increased to the point where no solid phase remained (as shown in Figure 4 (b)). The fitted CCD camera was then utilized to visualize and record the images to allow the observation of the very small crystals being formed and melted. These measurements were carried out over a complete range of cyclohexane mole fraction from 0 to 1 in the same fashion. The melting points are usually considered as the equilibrium temperatures as opposed to the freezing temperatures, which are generally lower than the equilibrium condition due to subcooling as discussed further in Section 3.1.
The minimum amount of solid detectable with the VSLE cell is determined by the copper tip's surface area (50 mm 2 ), the camera's resolution (5 megapixels), and the lens magnification factor ( 10). When the entire cone of the copper tip is covered, the amount 15 of solid visible was estimated to be 20 mg (using a conservative assumption about the solid thickness of 0.5 mm and density of 0.77 g·cm -3 appropriate to the temperatures studied), whereas the smallest amount resolvable (upon melting) was estimated to be 3 mg. The minimum detectable amount would thus be in the range (3 to 20) mg to account for cases where solid was present on the hidden side of the copper tip. 
Experimental Uncertainty and Standard Deviation
The standard experimental deviations as well as the standard uncertainties were determined using the Guide to the Expression of Uncertainty in Measurements (GUM). 75 The former is referred to as Type A uncertainty while, according to the latter, the standard uncertainty u(f) of a quantity f(x 1 , x 2 ,. . .,x n ) is obtained from: 
where n cyC6 and n C18 are the number of moles of cyclohexane and octadecane loaded into the cell, respectively, which were estimated from the loaded masses, m cyC6 and m C18 , and the molar masses M cyC6 and M C18 of these compounds, respectively. The standard uncertainty in mole fraction composition was thus estimated using:
The standard uncertainty in n C18 was estimated by combining in quadrature the uncertainty of the octadecane mass measurement and the purity of the compound as specified by the supplier (see Table 2 ). Similarly, the standard uncertainty in n cyC6 was estimated by combining in quadrature the value of u(m cycC6 ) calculated using eq (2) and the solvent's purity.
The standard uncertainty of the temperature at which crystals were observed to appear or disappear from the copper tip was estimated by combining in quadrature the standard deviation of three repeat measurements (Type A uncertainty in GUM) with the standard uncertainty of the thermometer's calibration (0.022 K). The standard uncertainty of the thermometer calibration was considered to be the only significant contributor to the Type B uncertainty. Other contributions such as heat dissipation via the test leads, the uncertainty in the multimeter and temperature gradients in the copper tip were negligible in comparison with the standard deviation of the three repeat measurements.
Similarly, for the high-pressure SLE measurements, the standard uncertainty in the experimental pressure was estimated by combining in quadrature the standard uncertainty of the transducer's calibration and the standard deviation of the three repeat measurements.
Results and Discussion
Heating Rate and Induction Time Experiments
In solute + solvent systems, the temperature at which the solute crystalizes (T freeze ) upon cooling is observed to be lower than the temperature at which the last crystal disappears (T melt ). When the phase transition occurs during a time dependent temperature ramp, neither of these temperatures corresponds to the equilibrium temperature of the phase transition, Prior to the commencement of the SLE measurements, an optimum value for the cooling or heating rate was determined first for use as practical basis for the entire set of freezing and melting temperature measurements. Figure 5 (a) represents an example of a PID temperatureprogramed Peltier ramp used to provide cooling or heating at a required scan rate. To test their repeatability, the measurements were conducted in a two-stage loop (I and II). Figure   5 (b) shows freezing and melting temperatures as a function of Peltier scan rate (  ),
indicating that in the limit of zero scan rate, T freeze and T melt converge to (286.82 ± 0.15) K and (287.58 ± 0.08) K, respectively, for x cyC6 = 0.6581, and (279.10 ± 0.14) K and (279.83 ± 0.09) K for pure cyclohexane, respectively. The results also revealed that at a scan rate of 0.01 K·min -1 the difference between the measured melting temperature and the value obtained when the T melt data are extrapolated to scan rate is negligible. We therefore used the optimum scan rate of 0.01 K·min -1 throughout the entire set of measurements. . The bulk liquid was held constant at the equilibrium temperature, T eqbm , determined from melting measurements, while the copper tip has held constant at a lower temperature, T freeze , until solids eventually formed. The SLVE data measured in this work have been tabulated in Table 3 , and are accompanied by the estimated experimental uncertainties. The pressures reported for these SLVE data were calculated with the Peng-Robinson Advanced EOS implemented in the software package Multiflash 71 , using a tuned binary interaction parameter (BIP) of k ij = -0.0324. As discussed below, this tuned value of the BIP improved both the description of the melting temperature data measured in this work, and VLE data for this system reported in the literature. a The total standard uncertainty in the mole fraction of octadecane and cyclohexane calculated using eq (4) (see section 2.4). For these SLVE measurements, the maximum change in x cyC6 due to the presence of a vapor phase was calculated as 4.8 x10
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, which is negligible in comparison with the uncertainty reported above.
b u(T) is the standard uncertainty of measured temperatures which was calculated from the quadrature combination of sensor calibration uncertainty and the standard deviation of three repeat measurements.
c The vapor pressure of the mixture was estimated using the tuned PRA EOS (k ij = -0.0324) in Multiflash.
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Equation of State Modelling
Equation of state (EOS) based models are often utilized to predict SLE between a pure solid and a liquid solution. The approach is the equality of partial fugacities be satisfied for the individual component i that forms the solid phase:
For the present binary system, the solid phase can be considered as a pure component and the liquid phase is a binary mixture. The ratio of fugacities ( Table 4) , and a mixture model to calculate the activity coefficient. 71 were used together with eq 6 to predict the SLVE and SLE of the cyclohexane + octadecane system for comparison with the result measured in this work. The results of the comparisons between our data and the model predictions are depicted in Figure 8 (a), while in Figure 8 Prior to their measurements of SLE for this binary mixture, Domanska and co-workers 84 also
reported pTx data for its vapor-liquid equilibrium. This provided the opportunity for us to test the impact of the BIP tuned to SLE data on the EOS predictions of the system's VLE. that while it was best to calculate the excess Gibbs free energies of mixing using high quality VLE data, if these were not available then SLE data could be used to provide reasonable 27 values provided that accurate melting temperatures, enthalpies of fusion and excess enthalpies are available.
High pressure measurements
The effect of pressure on the melting (liquidus) temperature was also investigated for two binary mixtures and pure cyclohexane, with results listed in Table 5 . To conduct these high pressure measurements, pure liquid cyclohexane was injected into the cell containing octadecane with valve V2 open, displacing the vapor-liquid interface out the sapphire cell.
Once the interface passed V2, the valve was closed and the syringe pump was placed in respectively. In contrast the deviations for pure cyclohexane increase from 0.2 K at 4 kPa to -1.54 K at 5.3 MPa. The fact that the deterioration in the prediction is worse for the pure fluid suggests that the cause is be related to the structure of the Peng Robinson EOS and its ability to describe correctly the pure liquid's fugacity as a function of pressure, rather than being due to the mixing rule or the BIP. In fact, for these two binary mixtures, the tuned BIP offsets some of the error of the PRA EOS associated with predicting partial liquid fugacities at higher pressures.
One alternative to cubic EOS for predicting SLE at high pressures is the use of semiempirical relations, such as the power law proposed by Simon and co-workers. (8) Here p and T are the mixture's melting (liquidus) pressure and temperature, respectively, T fus,C18 is the normal melting temperature of pure octadecane (301.2 K from reference 60), and the D ij are a set of twelve constants determined by regression to the data. Two sets of D ij were used, however, one for each side of the eutectic composition, bringing the total number of parameters in eq (8) to 24. Furthermore, since the eutectic composition varies with pressure, the model must be used in conjunction with Table 9 of reference 60.
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The empirical nature of eqs (7) and (8) , means that predictions of SLE data not within the set used to determine the adjustable parameters risk being inaccurate; this is particularly true of eq (8) given the high order of the nested polynomials. Although the data set by Domanska and Morawski 60 used for regressing these empirical models included measurements at 0.1 MPa, the next lowest pressure used was 11.3 MPa for octadecane, 23.39 MPa for cyclohexane and 17.23 MPa for the binary system. All three of these are above the highest pressure measured in this work: for the pure cyclohexane experiments reported here, solving eq (7) for T melt based on the measured pressures results in an over-prediction by 2.5 to 3.1 K.
Such systematic errors are higher than those of the pure fluid PRA EOS predictions. The performance of eq (7) using the pure cyclohexane parameters recommended by Domanska and Morawski 60 is even worse if the experimental T melt are used as independent variables with the predicted SLE pressures being unphysical (-9 to 1.4 MPa). Clearly those parameters
should not be used for melting temperature predictions at pressures below those correlated by Domanska and Morawski 60 .
Similarly, the predictions of the mixture SLE data measured in this work using eq (8) 
Conclusions
A special visual apparatus, developed for measurements of SLE and SLVE in hydrocarbon mixtures, was used to study and improve the models available for the octadecane + cyclohexane binary system across the full composition range at pressures from about (0.004 By tuning the binary interaction parameter to the SLVE data, the predictions made with the PR EOS of experimental bubble point temperatures reported in the literature improved by an order of magnitude. At 5.3 MPa, the SLVE-tuned PR EOS was also able to describe liquidus (melting) temperatures of two binaries with x cyC6 = 0.5675 and 0.8573 to within 0.9 K. This performance is better than that achieved with the 24-parameter empirical model, and is despite the limited ability of the PRA EOS to describe the pressure dependence of pure cyclohexane's melting temperature, which deviates by 1.5 K at 5.3 MPa. In future work, the visual SLE cell will be integrated into a cryostat to allow operation at temperatures around 100 K, and combined with a sampling system to allow the liquid composition to be monitored. This will enable the acquisition of new data and improvement of models able to describe SLE and related phenomena in mixtures directly relevant to LNG production.
